Abstract: We present an updated dynamical and statistical analysis of outer Oort cloud cometary evidence suggesting the sun has a wide-binary Jovian mass companion. The results support a conjecture that there exists a companion of mass ≈ 1 − 4 M Jupiter orbiting in the innermost region of the outer Oort cloud. Our most restrictive prediction is that the orientation angles of the orbit normal in galactic coordinates are centered on Ω, the galactic longitude of the ascending node = 319
Introduction
Anomalies in the aphelia distribution and orbital elements of Outer Oort cloud comets led to the suggestion that ≈ 20% of these comets were made discernable due to a weak impulse from a bound Jovian mass body (Matese et al. ( 1999) ). Since that time the data base of comets has doubled. Further motivation for an updated analysis comes from the recent launch of the Wide-field Infrared Survey Explorer (WISE; Wright ( 2007) ), which could easily detect the putative companion orbiting in the outer Oort cloud. Such an object would be incapable of creating comet "storms". To help mitigate popular confusion with the Nemesis model (Whitmire and Jackson ( 1984) , Davis et al. ( 1984) ) we use the name recently suggested by Kirkpatrick and Wright (2010) , Tyche, (the good sister of Nemesis) for the putative companion.
The outer Oort cloud (OOC) is formally defined as the ensemble of comets having original semimajor axes A ≥ 10 4 AU (Oort ( 1950) ). It has been shown that the majority of these comets that are made discernable are first-time entrants into the inner planetary region (Fernandez ( 1981) ) and these comets are therefore commonly referred to as new. The dominance of the galactic tide in making OOC comets discernable at the present epoch has been predicted on theoretical grounds (Heisler and Tremaine ( 1986) ). Observational evidence of this dominance has been claimed to be compelling (Delsemme ( 1987) ; Matese and Whitman ( 1992) ; Wiegert and Tremaine ( 1999) ; Matese and Lissauer ( 2004) ). Matese and Lissauer (2004) adopted an in situ energy distribution similar to the initial distribution of Rickman et al. (2008) and took the remaining phase space external to a "loss cylinder" to be uniformly populated at the present epoch. The distribution of cometary orbital elements made discernable from the tide alone was then obtained and compared with observations. Similar modeling (Matese and Lissauer ( 2002) ) had been performed including single stellar impulses which mapped the comet flux over a time interval of 5 Myr, in 0.1 Myr intervals. Peak impulsive enhancements ≥ 20% were found to have a half-maximum duration of ≈ 2 Myr and occurred with a mean time interval of ≈ 15 Myr. Various time-varying distributions of elements were compared with the modeled tide-alone results and inferences about the signatures of a weak stellar impulse were drawn.
In Section 2 we review a discussion (Matese and Lissauer ( 2004) ) of a subtle characteristic of galactic tidal dominance which is difficult to mimic with observational selection effects or bad data. Along with the more well known feature of the deficiency of major axis orientations in the direction of the galactic poles and equator, we compare with observations these predictions based on the tidal interaction alone and
show that the data are of sufficiently high quality to unambiguously demonstrate the dominance of the galactic tide in making comets discernable at the present epoch. A critique of objections to this assertion (Rickman et al. ( 2008) ) is also presented. More recent detailed modeling (Kaib and Quinn ( 2009) ) provide important insights into the evolving populations of the in situ and discernable populations of the Oort cloud. We comment further on these works in this section.
In Section 3 we describe the theoretical analysis combining a secular approximation for the galactic tide and for a point mass perturber, describing how a weak perturbation of OOC comets would manifest itself observationally. Evidence suggesting that there is such an aligned impulsive component of the observed OOC comet flux has been previously reported (Matese et al. ( 1999) ). It has been found that none of the known observational biases can explain the alignment found there (Horner and Evans ( 2002) ). The size of the available data has since doubled which leads us to review the arguments here.
In Section 4 we present the supportive evidence that an impulsive enhancement in the new comet flux of ≈ 20% persists in the updated data. We also discuss dynamical and observational limits on parameters describing the putative companion. Section 5 summarizes our results and presents our conclusions.
Secular dynamics of the galactic tide
Near-parabolic comets are most likely to have their perihelia reduced to the discernable region. The dynamics of the galactic tide acting on near-parabolic OOC comets is most simply described in a Newtonian framework (Matese et al. ( 1999) , Matese and Lissauer ( 2002) , Matese and Lissauer ( 2004) ). A summary of their analyses is now given and followed with the evidence that the galactic tidal perturbation dominates in making OOC comets discernable at the present epoch.
Theory
Saturn and Jupiter provide an effective dynamical barrier to the migration of OOC comet perihelia.
OOC comets that are approaching the planetary zone at the present time were unlikely to have had a prior perihelion, q prior , that was interior to the "loss cylinder" radius, q lc ≈ 15 AU, when it left the planetary region on the present orbit. The simplifying assumption q lc ≤ q prior is then made for the present orbit. During the present orbit comet perihelion will then have been changed by the galactic tide (and by any putative companion or stellar perturbation). The orbital elements just before re-entering the planetary region on the present orbit are commonly referred to as "original" and will be, in essence, the observed values with the exception of the semimajor axis (perturbations by the major planets do not significantly change any other orbital element of OOC comets). Thus q prior is changed to q original ≈ q obs , the observed value, during the course of the present orbit. As an observed comet comes within a discernable region (q obs ≤ q discernable ≈ 5AU) and leaves the planetary region again, the semimajor axis will have been changed from A original to A f uture , i.e., A f uture ≡ A prior for the next orbit. The comet is most likely ejected or turned into an inner Oort cloud comet with a small fraction returning as OOC comets.
Daughter comets returning to the discernable zone are likely to have faded and be more difficult to observe (Wiegert and Tremaine ( 1999) ). The 17th Catalogue of Cometary Orbits (Marsden and Williams ( 2008)) indicates that ≈ 14% of observed original OOC comets exit the planetary region as future OOC comets.
Therefore the discernable population of OOC comets should be dominated by first time entrants to the loss cylinder. In the following we adopt the notation A ≡ A original .
For near-parabolic comets, the angular momentum per unit mass determines the perihelion distance,
With these assumptions, an observed OOC comet entering the loss cylinder region for the first time had perihelion distances q obs ≤ q discernable < q lc ≤ q prior . Therefore, reducing q in a single orbit requires a decrease in angular momentum from the galactic tidal torque (and/or from angular momentum changes by the putative companion or star),
The weakest perturbation that could make a comet discernable would reduce the prior perihelion distance from q prior ≈ q lc to q obs ≈ q discernable (see Fig. 1 ) such that
Also of interest is the evolution of the aphelion orientation,Q ≡ (cos B cos L, cos B sin L, sin B), expressed in terms of the aphelion latitude, B, and longitude, L.
If the galactic tide dominates in making OOC comets discernable we can recast Eq.
(1) as q prior − q obs = ∆H tide 2 − 2H obs · ∆H tide /2µ ⊙ from which it is implied that if weak tidal perturbations dominate in making OOC comets discernable, the tidal characteristic, S ≡ Sign(H obs · ∆H tide ) will more often be −1 than +1. Detailed modeling results (Matese and Lissauer ( 2004) ) confirm this implication.
This characteristic combination of observed orbital elements forms an essential aspect of the present analysis and has not been included in modeling results presented elsewhere (e.g., Rickman et al. ( 2008) , Kaib and Quinn ( 2009) ).
A graphical illustration of this theme in Fig. 1 shows the phase space changes in H for a specific choice of Q and A over the course of a single orbit period. As comets recede from the planetary region on their prior orbits, the interior of the loss cylinder phase space region is essentially emptied of OOC comets by planetary perturbations. The adjacent exterior region remains uniformly populated in this model. To lowest order in q/A, i.e., the near-parabolic phase space region just outside the loss cylinder boundary, the vector displacement in specific angular momentum, ∆H tide , is independent of the prior value of angular momentum, H prior , and depends only on A and the major axis orientation, Q, which are taken to be fixed for the phase space of Fig. 1 . In a single orbit all nearby specific angular momentum phase space points, filled and empty, are displaced uniformly (Matese and Lissauer ( 2004) • a preponderance of OOC comets with S = −1 over those with S = +1, and
• an association in which S = −1 correlates with the smallest observed values of A for OOC comets.
Conversely, if perturber impulses dominate in making OOC comets discernable at the present epoch, the unique tidal characteristic S should be a random variable and should be uncorrelated with A.
Observational evidence for tidal dominance at the present epoch
Our data are taken from the 17th Catalogue of Cometary Orbits from which we convert the ecliptic Eulerian orbital angles into the galactic angles B, L and α, the orientation angle of H defined in Matese and Lissauer (2004) . The Catalogue lists 102 OOC comets (see Appendix) of the highest quality class, 1A (we count the split comet C/1996-J1A(B) as a single comet). The quality class predominantly distinguishes the accuracy of the original semimajor axis determination (Marsden et al. ( 1978) ). Since our analysis depends sensitively on an accurate determination of A, we restrict our detailed discussions to class 1A comets. In a previous analysis (Matese et al. ( 1999) ) the orbital elements of 82 OOC comets of quality classes 1A+1B
given in the 11th Catalogue were used, 47 of which were class 1A. The first observational indication that the galactic tide dominates involved the distribution in the galactic latitude of aphelion, B (Delsemme ( 1987) ). One finds (Matese et al. ( 1999) ) that the dominant disk tidal term in the perturbation is ∝ | sin B cos B|. (Rickman et al. (2008) conclude that this perturbation is ∝ | sin B| rather than ∝ | sin B cos B|). B and L are sensibly constant in the course of a single orbit since Q has significant inertia for near-parabolic orbits. Therefore, if the tide dominates we should expect deficiencies of major axis orientations along the galactic poles and the galactic equator, and peaks near B = ±45
• . One might argue that observational selection effects can artificially produce an equatorial gap, but polar gaps will be more difficult to attribute to an observational selection effect.
In Fig. 2 we show the results presented as a distribution in | sin B|, which would be uniform for a random distribution. Polar and equatorial gaps are clear, as predicted if the galactic tide dominates. A small (but potentially informative) discrepancy is the location of the peak. If the tide dominates, our modeling (Matese and Lissauer ( 2004) ) predicts a peak at | sin B| ≈ 0.7, somewhat larger than seen in the data. We now look to the tidal characteristic S to further emphasize tidal dominance. 
The prediction that S = ∓1 should be equally likely for large-A OOC comets, and that there should be a preponderance of S = −1 for intermediate-A OOC comets (see Fig. 1 ) is now considered. In terms of the original orbital binding energy parameter x ≡ 10 6 AU/A, class 1A OOC comets have a mean formal error of ≈ 5 units, but the uncertainty due to unmodeled outgassing effects is likely to be somewhat larger (Kresák ( 1992) , Królikowska ( 2006) ). In particular the number of nominally unbound original orbits is likely indicative of the true errors embodied in the tails of the class 1A OOC energy distribution.
In Fig. 3 we show the cumulative class 1A binding energy distribution of 66 comets with S = −1 and 36 comets with S = +1. The binomial probability that as many or more would exhibit this imbalance if in fact S = ∓1 were equally likely is 2 × 10 −3 . Further, as predicted by tidal dynamics, this preponderance of S = −1 also correlates with intermediate-A OOC comets in a statistically significant manner. S = ∓1
is approximately equally likely for comets with x ≤ 30, suggesting that for this range of semimajor axes the galactic tide is strong enough to refill the discernable zone almost completely, i. e., the tidal efficiency is nearly 100% (Matese and Lissauer ( 2002) ). We therefore take this as the defining boundary between large-A and intermediate-A comets. In contrast, for 30 < x the evidence is that the tide weakens dramatically since 45 comets have S = −1 and only 12 have S = +1. The binomial probability that as many or more would exhibit this imbalance if in fact S = ∓1 were equally likely for this energy range is 7 × 10 −6 . This is unambiguous evidence that the class 1A data are of sufficiently high quality and sufficiently free of observational selection effects to detect this unique imprint of tidal dominance in making OOC comets discernable at the present epoch. Kaib and Quinn (2010) have found that ≈ 5% of discernable OOC comets should have 60 < x, the majority of which have evolved from a primordial location in the IOC. It is unlikely that these comets have had their prior orbit perihelia outside the loss cylinder and therefore would not satisfy |∆H| > |∆H| min .
Taking account of expected errors in the binding energies we adopt 30 < x < 60 as the defining interval for intermediate-A comets.
These clear signatures of galactic tidal dominance in making OOC comets discernable do not mean that we must abandon hope for detecting any impulsive imprint on the distributions, as we describe in Sec 3. The characteristic S = −1 continues to dominate for observed IOC comets, suggesting that they are likely to be daughters of OOC comets. S = −1 also remains dominant for other quality class OOC data (1B, 2A, 2B). However the dominance no longer correlates with the energy range 30 < x. We interpret this as evidence of significant errors in the determination of A for these quality classes, a conclusion made clear by the excess of nominally unbound comets.
Comparisons with recent modeling
Kaib and Quinn (2009) have done the most complete modeling of the production of observable long-period comets (LPC) from the Oort cloud in an attempt to infer the Sun's birth environment. They closely follow whether an observed OOC comet was born in the OOC or in the IOC and find that roughly comparable numbers of each primordial population are made discernable after a suitable time lapse.
Their binding energy distribution for the two discernable populations (their Fig. S4 ) differs in that the distribution for comets born in the IOC peaks at x ≈ 37 while the peak for comets born in the OOC peaks at x ≈ 27. They conclude that the IOC pathway provides "an important, if not dominant, source of known LPCs". The primordial origin of discernable comets is not important in our loss-cylinder modeling. The 17th Catalogue indicates that only 2 of the 53 observed class 1A comets with 100 < x < 1000 have future orbits in the OOC, while 14 of 102 observed class 1A OOC comets that have future orbits in the OOC.
Therefore very few observed comets with 30 < x < 60 are likely to have prior perihelia within the loss cylinder. We have used their Fig. S4 as a guide to the energy range most likely to show evidence of a weak impulsive component of the observed OOC. Rickman et al. (2008) have also embarked on an ambitious modeling program of the long term evolution of the Oort cloud which emphasizes a fundamental role for stellar perturbations. They demonstrate that over long timescales stellar impulses are needed to replenish the phase space of the OOC which is capable of being made discernable by the galactic tide. Massive star impulses serve to efficiently refill this feeding zone for a period of several 100 Myr and therefore provide one aspect of the synergy with the galactic tide that make these comets discernable.
They also assert that "treating comet injections from the Oort cloud in the contemporary Solar System as a result of the Galactic tide alone is not a viable idea". This statement follows from their observations Indeed, one can compare our predictions (Matese and Lissauer ( 2004) 
) for discernable distributions in
A and the A-dependent discernable zone refill efficiency with Rickman et al. (2008) (where they use the term "filling factor" in the same context as our "efficiency"). The tide-alone results at the beginning of their simulations (see their Fig. 7 and Table III) provide the most appropriate comparison since their phase space then is most nearly randomized and comparable to that used in our previous work. One finds that these two sets of distributions are in good agreement.
Their combined modeling of the latitude distributions does predict a peak at | sin B| ≈ 0.5, more nearly in agreement with observations shown in Fig. 2 (however they assert that their predictions do not agree with observations without any discussion of the nature of the discrepancies perceived). If this difference with our tidal model prediction of a peak at | sin B| ≈ 0.7 is supported in the future it may provide evidence that the in situ phase space refilling by stellar perturbations is indeed detectably incomplete at the present epoch, a point emphasized by them. This would not contradict our assertion that the unambiguous evidence is that the galactic tide dominates in making OOC comets discernable at the present epoch. It remains for them to demonstrate that the modeling adopted here Lissauer ( 2002, 2004) ) is no longer viable in describing observations at the present epoch. We conclude our remarks by noting that neither of the above analyses have tracked the orbital characteristic S in the production of discernable OOC, a major measure of galactic dominance in our work.
3. Dynamics of a weak impulsive perturbation 3.1. Theory
The dynamics of a weak perturbation of a near-parabolic comet by a solar companion or field object is now considered. The change in the comet's specific heliocentric angular momentum induced by a perturber is given byḢ
where µ p = GM p is the perturber mass located at heliocentric position r and R is the heliocentric comet position. In terms of the perturber true anomaly, f , we have r = p/(1 + e p cos f ), with p = a(1 − e p 2 ). We then obtain for near-parabolic comets
where b = a 1 − e p 2 , the semiminor axis of the perturber. One then constructs
where the dimensionless integral I is taken around an interval of the perturber true anomaly ∆f ≡ f o −f i that corresponds to the comet orbital time interval between t o ≡ 0, the present epoch, and
The first term in I corresponds to the perturber interaction with the comet, the second with the Sun. For a specified perturber orbital ellipse, I is determined by the cometary Q and A as well as the companion's present value of the true anomaly, f o . Equation 3 is more convenient to use in an impulse approximation as has been done in a previous analysis of the combined tide-stellar impulse interaction with the OOC (Matese and Lissauer ( 2002) ). Equation 4 is more appropriate if one wishes to include the slow "reflex" effects of a bound perturber on the Sun.
Combined tidal and impulsive interaction
The galactic tidal perturbation and any putative point source perturbation of the Sun/OOC are, in nature, superposed in the course of a cometary orbit. For weak perturbations the two effects can be superposed in a vector sense, H obs ≡ H prior + ∆H pert + ∆H tide ≡ H prior + ∆H net . The cometary phase space of comets will have the prior loss cylinder distribution displaced by ∆H net .
The standard step function for the prior distribution of angular momentum is changed to a uniformly displaced distribution, similar to that illustrated in Fig. 1 , but with ∆H tide replaced by ∆H net ,
Weak impulsive effects on the discernable energy and spatial distributions
Matese and Lissauer (2002) modeled the time-dependent changes in discernable OOC comet orbital element distributions that resulted from a weak stellar impulse. In particular, the in situ energy distribution was taken to be essentially unchanged, as described above. The number of comets in the large-A (x ≤ 30) interval that became discernable after an impulse was found to be essentially unchanged from the case with no impulse, although the specific comets made discernable were changed. That is, the ≈ 100% efficiency of refilling the discernable zone remains ≈ 100% throughout the stellar impulse for large-A comets. This can be visualized in Fig. 1 when we consider a large ∆H tide that completely refills the loss cylinder and the comparative case where the large ∆H tide is modified by a weak ∆H pert . Independent of whether the impulse slightly increased or decreased the perturbation, a large |∆H net | will still tend to completely refill the loss cylinder, albeit with different comets.
For the intermediate-A population the discussion is more subtle. Suppose that for a specific Q a comet population with x ≈ 35 will partially fill the discernable zone due to the tide (see Fig. 1 ). If some of those comets experience an impulse that increases |∆H net |, the discernable zone will be more completely filled.
However other comets will be impulsed such that |∆H net | is decreased. This will in turn decrease the number of discernable comets for this value of x leaving the efficiency for this x only moderately increased.
Consider now the case for a population with x ≈ 45. The tidal perturbation will be smaller by a factor of ≈ 0.4 from the x ≈ 35 population, which may be inadequate to make any of these comets discernable in our loss cylinder model. In this case an impulsive torque preferentially opposed to the tidal torque will have no effect on the number of observed comets for this x since none would have been observed in its absence. But for those comets which have a weak impulsive torque preferentially aiding the tide, some will be made discernable that would not have been in the absence of an impulse. Therefore the efficiency for this x will increase from zero, and it will preferentially have S = −1. The net effect for a weak impulse is to create an enhanced observed OOC comet population along the track of the perturber that preferentially has intermediate-A and S = −1. These features have been demonstrated in detailed modeling for a weak stellar impulse (Matese and Lissauer ( 2002) ). Rickman et al. (2008) also discuss in detail this aspect of synergy but do not consider the importance of the characteristic, S, in this discussion.
In reality, the step function distribution of prior orbits for OOC comets used in the loss cylinder model is a crude first approximation. A small fraction of original OOC comet orbits recede from the planetary region as future OOC comets with perihelia inside the loss cylinder. This does not obviate the arguments invoked above. Along with the original energy errors associated with observational uncertainties and outgassing effects, we can understand why the observed spread in original energies seen in Fig. 3 is somewhat larger than predicted in our loss cylinder model and is consistent with more realistic modeling (Kaib and Quinn ( 2009) ).
Observational evidence for an impulse
Matese et al. (1999) noted an excess of OOC comet major axes along a great circle roughly centered on the galactic longitudinal bins 135
• and 315
• using 11th Catalogue data of quality classes 1A+1B. Further, they found that the excess was predominantly in the intermediate-A population and had a larger proportion of S = −1, consistent with it being impulsively produced. In Fig. 4 we now display the distribution of the aphelia longitudes for our 17th Catalogue data of quality class 1A. We see that the excess remains in the present data.
Inferring the orbit orientation of a putative bound perturber
Our first investigation relates to the orientation of the overpopulated band. There is no obvious a priori reason why an impulsive track should pass through the galactic poles. Further, choosing longitude bins for comparison has an obvious bias in that it preferentially excludes solid angles near the poles where the tide is weak.
We therefore perform a great circle fit that counts the number of major axes within an annular band of width ±9.6
• , which has the same solid angle, 4π/6, as the two overpopulated aphelia longitude bins in For the 11th Catalogue data we can find a great circle with as many as 13 (of 15) axes inside the band.
We show all orientations which include 10-13 major axes in Fig. 5 . For the 17th − 11th data we show all orientations that include 10-11 (of 20) major axes. One observes that the peak overpopulated great circle normal direction occurs in the same general area of the hemisphere for both the 11th and 17th − 11th data. The probability that these solid angles would overlap if the two sets of data were uncorrelated can be estimated to be ≈ 0.02. For the 17th Catalogue data we show those directions that include 20-22 (of 35) major axes. The statistical significance of these observations is discussed below.
The best fit great circle normal direction with a ±9.6
• band containing 22 axes of the 17th Catalogue data is centered at i = 103
• , Ω = 319
• (or its opposite direction). A measure of the uncertainty in the great circle orientation can be inferred from Fig. 5 . In ecliptic coordinates the best fit great circle plane is specified by i e = 133
• , Ω e = 190
• , or its opposite direction.
In the Appendix we list the 17th Catalogue data for the 102 class 1A comets that constitute our complete set. For each comet we include the binding energy parameter, x, the tidal characteristic, S, the perihelion distance, q, and the galactic angular orbital elements B, L and α. The last column gives the magnitude of the angular separation of the cometary major axis from the best fit great circle plane, γ.
Comets having angular separations within ±γ fall inside a band of solid angle 4π| sin γ|. Comets with year designation prior to 1995 constitute our 11th Catalogue data. • covering 1/6 of the celestial sphere and centered on the best fit great circle path. Gray dots: exterior to the band.
In Fig. 6 we illustrate the scatter of aphelia directions in galactic coordinates with the best fit great circle arc (i = 103
• , Ω = 319 • ) shown. The data illustrated is for the 17th Catalogue with 30 < x < 60 and S = −1. Major axes are distinguished if they are within the ±9.6
• band. The distribution of major axes around the great circle arc indicates comparable numbers in each of the 4 quadrants. This is inconsistent with an overpopulation produced by a weak stellar perturbation which produces an overpopulated arc < 150
• in length (Matese and Lissauer ( 2002) ). In Fig. 7 we show the cumulative number of major axes interior to the solid angle, 4π sin γ, subtended by a band of width ±γ centered on the best fit great circle.
For comparison, results are shown for the 17th Catalogue data as well as the corresponding 11th Catalogue data.
Using an approach that ignores the characteristic S, Murray (1999) has argued for a solar companion that is the source of a impulsed observed OOC population with 40 ≤ x ≤ 100 whose axes are concentrated along a great circle that is different from that found here. He found that all class 1A comets in the 10th
Cometary Catalogue had axes within a ±30
• band. His point is essentially that all of these observed comets must have been injected into the loss cylinder by an impulse of a bound companion. We have taken the 17th Catalogue data and considered all 1A (40 ≤ x ≤ 100) comets that also were included in Murray's paper which analyzed 10th Catalogue data. A fit to the original data is found to agree with Murray's result, a best fit companion orbit plane with a galactic inclination of i = 37
• and galactic ascending node of Ω = 175
• that includes all 12 10th Catalogue axes within a band of ±30
• which encloses 1/2 of the celestial sphere.
When we repeat the fit with the same band orientation and width we find that 10 of 25 additional comets in the 17th Catalogue are enclosed. The concentration originally perceived is seen to have disappeared.
IR observational limits on the companion's mass and distance
The absence of detection in the IRAS and 2mass data bases place limits on the range of possible masses and present distances of the proposed companion. For relevant values the 2mass limits are not very restrictive. Assuming a J-band detection magnitude limit of 16 and theoretical models of a 4.5 Gyr old 2-10 M J object (Burrows et al. ( 2003) ), we find that the mass would have to be greater than 7 (10)M J and closer than 6000 (25, 000) AU for a possible 2mass identification.
For Jovian masses, the strongest current limits on distance are found from the IRAS Point Source and Faint Source Catalogs. We have performed a non-parallax search of both IRAS catalogs using the VizieR Service (http://vizier.u-strasbg.fr/cgi-bin/VizieR). The search was based on the theoretical models of Burrows et al. (2003) . Search criteria included rejection of previously identified point sources, a PSC 12 µm flux greater than 1 Jy and a FSC flux greater than 0.3 Jy. The latter value is based on a completion limit of 100% (Moshir et al. 1992) . Only flux quality class 1 sources were included. We further required that there be no bright optical or 2mass candidates within the 4σ error limits and that the absolute value of the galactic latitude be greater than 10 degrees, as required for sources to appear in the FSC. Distant 
Dynamical inferences of other perturber properties
Although the orbit normal of the putative companion is tightly constrained, other properties are less so. If it exists, a solar companion most likely formed in a wide-binary orbit. The near-uniform distribution of the overpopulation around the great circle suggests that any putative companion is likely to have a present orbit that is more nearly circular than parabolic (e p 2 < 0.5). The near-circular implication cannot remain true over the solar system lifetime since the eccentricity and inclination osculate significantly due to the tide. Further, the semimajor axis will be affected by stellar impulses over these timescales.
The implication that e p 2 < 0.5, is in fact, consistent with the present galactic inclination of the perturber inferred here, i ≈ 103
• . This follows from the near-conservation of theẑ component of galactic angular momentum of objects in the IOC and OOC in the intervals between strong stellar impulses,
Since the present value of | cos 103
• | ≈ 0.22 is at the low end of a random distribution, 0 ≤ | cos i| ≤ 1, a larger primordial value of | cos i| implies that the present value of e p is reduced from its primordial value.
In Fig. 8 we show a representative time dependent companion orbit assuming present (t o ≡ 0) galactic orbital elements i = 103
• , ω = 0, a = 15, 000AU and e p = 0.5. We integrate back in time assuming an unchanging galactic environment and neglecting impulsive perturbations, both of which cannot be ignored for more reliable results. The purpose of the calculation is to demonstrate that significant changes in the eccentricity and inclination occur over the solar system lifetime for a companion with a > 10 4 AU.
There is no evidence of overpopulation within the perceived band of OOC or IOC comets with 60 < x where |∆H tide | < |∆H min |. Here we must distinguish two subpopulations of discernable comets with 60 < x (assuming negligible errors in x), (i) comets that have been directly injected from beyond the loss cylinder by the perturbation and are making their first orbit as discernable comets, or, (ii) comets that are • , ω(0) = 0, a = 15, 000AU, e p (0) = 0.5, q(0) = 7500 AU assuming unchanging galactic environment and neglecting impulsive perturbations. Shown are the perihelion distance, q(t), and the semiminor axis, b(t), along with the galactic and ecliptic inclinations, i(t) and i e (t).
daughters of x < 60 comets which had a previous perihelion passage well inside the loss cylinder. The latter is the commonly accepted pathway for producing discernable IOC comets, but requires an ad hoc imposition of a fading mechanism (Wiegert and Tremaine ( 1999) ) to explain the relative numbers of observed IOC and OOC comets.
For a comet major axis inclined to the perturber orbit plane by an angle γ |∆H pert | max varies approximately as 1/γ, and the cross section for scattering comets varies approximately as γ 2 . Thus one expects that a perturber in a crossing orbit with some 60 < x comets would produce a narrower band of detectable flux perturbed with |∆H pert | > |∆H min |. The absence of such a directly impulsed population (i) is not inconsistent with the notion that the depletion rate of this population in crossing orbits within the great circle band by the perturber would be larger than the rate of refilling of the band phase space by the galactic tide.
More difficult to explain is the absence of an enhanced daughter population (ii) in the perceived band. A possible explanation is that the reduced impulse/reflex interaction can remove daughters by a random-walk of their perihelia from inside the discernable zone leading to ejection over one or more subsequent orbits. A direct numerical integration, including a putative companion, of the type done by Kaib and Quinn (2009) is needed to clarify this matter. This scenario would require a to be at the small end of the allowed range.
Setting the critical perturbation for γ = 9.6
• equal to the minimum change required to enter the discernable zone, Eq. 5 yields
This provides a means of estimating the perturber properties needed to weakly impulse the OOC comet population and assist the tide in making a comet with 30 < x < 60 discernable. Here | Q × I| crit is taken to be ≃ the peak values of | Q × I| sampled over all orientaions of Q that are inclined to the great circle by an angle γ = ±9.6 AU and Q inclined to the perturber plane by γ = 9.6
• . The positions σ = 0(180 • ) correspond to comet orientation Q closest to the perturber perihelion (aphelion). Perturber parameters are a = 15, 000 AU, e p = 0.5, and f o = 215
• , the present true anomaly of the perturber.
In Fig. 9 we show an illustrative plot of | Q × I| for perturber parameters a = 15, 000AU, e p = 0.5, f o = 215
• and comet A = 22, 000AU. A set of major axis orientations, Q, are considered which are all inclined along a conical surface at an angle γ = 9.6
• to the perturber plane. The specific orientation σ = 180
• corresponds to the case where Q is closest to the perturber aphelion direction. The arbitrarily chosen present location of the companion is f o = 215
• so that it has recently passed aphelion. Two peaks are shown corresponding to the two comet axes Q that are most strongly perturbed on the way out and on the way in during the prior cometary orbit. The peak at σ = 195
• locates the perturber position when comets were perturbed on their inward leg. The ratio of the comet/perturber periods is ≈1.8 in this case and the second peak at σ = 35
• , corresponds to the outward leg when the perturber was on its previous orbit. The importance of the reflex term can be gauged from the background contribution. In general the peak corresponding to the inward comet leg will slightly lag the present perturber position if the perturber is presently more nearly at aphelion. The second peak corresponding to the outward leg will, in general, tend to be randomly positioned relative to the inward peak if A > a. Each peak contains comet axes Q that have angular momentum component impulses that both aid the tide and oppose the tide.
The results shown are typical for all e p < 0.5, 90
• < f o < 270
• when 10, 000AU < a < 30, 000AU. The exceptions include the less likely cases when the perturbations on both the outward and inward legs of a comet orbit find the perturber at the same general location f ≈ σ creating a larger net impulse. We shall adopt a typical value of | Q × I| crit ≈ 6 − 12 for all possible orbit parameters above. Smaller values in this range typically occur for smaller values of a which have higher relative velocities at orbit crossing. Another aspect of the variation is that the small reflex term can add or subtract from the direct impulse term.
Inserting M p = 5M J into Eq. 8 we obtain a ≤ 6000 AU. Assuming e p 2 < 0.5, this is marginally inconsistent with IRAS observational limits. Smaller masses should not conflict with IRAS. Thus we adopt an approximate range of perturber parameters 1M J < M p < 2M J for a ≈ 30, 000AU extending to 2M J < M p < 4M J for a ≈ 10, 000AU. This companion mass range is consistent with the minimum Jeans mass (1 -7) M J as variously calculated (Whitworth ( 2006) , Low and Lynden-Bell ( 1976) ).
A solar companion remains a viable option (Matese et al. ( 1999); Horner and Evans ( 2002) ). In addition, we find that an ≈ 4 M J companion in an orbit such as that shown in Fig. 8 would be capable of adiabatically detaching a scattered disk EKBO, producing an object with orbital characteristics similar to Sedna ; Gomes et al. ( 2006) ). Allowing for the possibility that the perturber was more tightly bound primordially, smaller masses are then allowed. It may also be possible to explain the misalignment of the invariable plane with the solar spin axis (Gomes et al. ( 2006) ) if the putative companion was more tightly bound primordially. Such a companion would have a temperature of ≈ 200 K (Burrows et al. ( 2003) ) and will be easily seen by the Wide-field Infrared Survey Explorer (Wright ( 2007)) recently launched. Gaia, which will use astrometric microlensing, may also be able to detect the putative companion and will be launched in 2011 (Gaudi and Bloom ( 2005) ). Matese and Lissauer (2002) investigated the frequency of weak stellar showers as well as the patterns of discernable OOC comet orbital elements. They found that stellar showers that produce a ≥ 20% peak enhancement in the background tidal flux occur with a frequency of approximately once every 15 Myr. The half-maximum duration is ≈ 2 Myr. Thus it is only moderately unlikely that we are presently in a weak stellar shower of this magnitude.
Flux enhancements of this magnitude were found to extend over an angular arc ≈ 150
• and have a full-width half-max of ≈ 50
• . Weak stellar impulses never extend over a larger arc. More simply put, to get the same stellar-induced flux enhancement as inferred from the data here, the enhanced region will have an extent that is ≈ half as long and ≈ twice as wide as that observed. Of course one must consider the possible alignment of two weaker coincident stellar impulses (or a single weaker statistical anomaly and a coincident single weaker stellar impulse) that happen to line up on opposite hemispheres. These will be improbable. For example, suppose we assume that there will always be two weak stellar impulses enhancing the observed background tidal flux, each with half the observed enhancement. The probability that both stellar orbit planes will be aligned to within ±9.6
• is 0.014.
A Monte Carlo test for the likelihood of the conjecture.
For each of the three data sets discussed above we perform a variation of the Monte Carlo test done elsewhere (Horner and Evans ( 2002) ) which considered the original conjecture. Each comet in the data maintains its measured value of B, but is randomly assigned a value for L. The best fit analysis is performed to find the orientation of the great circle band of width ±9.6
• which maximizes the number of major axes interior to the band, just as was done for the real data. We then record that number, n. Repeating the process for each data set 5000× we can find the Monte Carlo probability that ≥ n major axes would fall in the band if, in fact, L was truly random. Results are given in Table 1 . As an example, for the 17th Catalogue data, when we randomize L for the 35 comets we found an unconstrained (i.e. randomly oriented) band of width ±9.6
• which maximized the number of major axes contained in the band at 18 or more in 30 cases of the 5000 tested. A preliminary discussion of the persistence of the enhancement is as follows. The Monte Carlo probability, 11th P MC (≥ 10) = 0.018 for the original data set is superficially significant. The solid angle over which this occurs can be seen in Fig. 5 to be < 2% of the celestial sphere. As many as n = 13 of 15 axes can be found in a band for the actual data. Although the Monte Carlo analysis for the 17th − 11th
Catalogue data set is, in itself, not significant since at most 11 comets appear in a band for the actual data and 17th−11th P MC (≥ 10) = 0.24, the fact that the cone of normal directions that maximizes the counts for this data set overlaps with the cone that maximizes the 11th Catalogue data set is significant. To properly gauge this significance we discuss a Bayesian analysis of the likelihood of the present conjecture.
Bayesian inference
The anomalous comet data discussed above can be explained by the putative companion. We now wish to compare this hypothesis with other hypotheses that might also explain the data. The most obvious alternative explanation is that the anomaly is entirely a statistical fluke. The other dynamical explanation is that of a weak stellar shower assisted by the galactic tide. Arguments against this possibility have been given earlier and in the following analysis we assume the probability of a shower explanation is negligible.
We consider the hypothesis, H, that the there exists a Jovian mass solar companion orbiting in the Oort cloud with parameters in the previously discussed ranges that are allowed on the basis of IRAS/2mass
observations. The null hypothesis, ¬H, is that no such object exists. E constitutes the evidence considered, the 30 < x < 60, S = −1 data sets described in Fig. 5 and Table 1 . The a priori relative probability of hypothesis H, before we consider evidence E, is symbolically defined as P(H)/P(¬H).
IRAS and 2mass observational constraints prohibit present locations r < 2000 : 10, 000 : 25, 000 AU for M p = 2 : 5 : 10 M J respectively. Dynamical constraints previously discussed suggest a companion mass in the range M p ≈ 1 -4 M J and semimajor axis in the range a ≈ 30, 000 − 10, 000 AU, respectively.
Qualitatively P(H)/P(¬H) is the ratio of the specified companion parameter space area (M p , a) to the complementary, non-IRAS(2mass)-excluded parameter space area. Next we try to roughly estimate this from the non-Catalogue evidence.
We assume that there is a certainty that the sun has an as-yet-to-be-discovered maximum mass companion with mass between M Pluto ←→ 20M J , the upper limit being fixed by IRAS/2mass observations. Zuckerman and Song (2008) give a mass distribution for brown dwarfs down to 13 M J of dN/dM ∝ M −1.2 .
It might be assumed that this power law roughly holds down to the minimum Jeans mass limit of 1 -4 M J (Whitworth ( 2006) ) but the mass distribution below 1 M J is completely unknown. For simplicity we assume dN/dM ∝ M −1 over the entire mass range.
Next we estimate the probability distribution in semimajor axis for this companion, assumed to be in the interval 10 2 ←→ 10 5 AU. We base this estimate on the known distribution of semimajor axes of wide binary stars. At least 2/3 of solar type stars in the field reside in binary or multiple star systems (Duquennoy and Mayor ( 1991) ). The fraction of these systems which have semimajor axes a ≥ 1000 AU (wide binaries) is ≈ 15% (Kouwenhoven et al. ( 2010) , Duquennoy and Mayor ( 1991) ), and includes periods up to 30 Myr. The origin of these wide binaries may be capture during cluster dissolution (Kouwenhoven et al. ( 2010) ). For large semimajor axes the observed distribution is well approximated by (dN/da) ∝ a −1 and we adopt this power law for all masses over the entire interval of a.
The simplifying assumptions we have made are equivalent to assuming a uniform probability distribution over the entire parameter space (M p , a) under consideration
Thus the combined probability that the sun has a companion of mass 1 -4 M J with semimajor axis 30,000 -10,000 AU is simply the ratio of this parameter area to the entire area after the IRAS constraint has been utilized. In the following Bayesian analysis we use this value for the a priori probability ratio,
The likelihood ratio of H given E is
where P(E|H) is the conditional probability of evidence E if hypothesis H is true. More meaningful is the a posteriori relative probability, a product of the a priori relative probability and the likelihood ratio
Analysis of the 17th Catalogue alone
In this case we adopt the Monte Carlo results of Table 1 for the likelihood ratio
to obtain an a posteriori probability ratio P(H|17th) P(¬H|17th) = 0.01 17th P MC (≥ n) .
Inserting the results from Table 1 the a posteriori relative probability ratio is ≈ 10 for n = 20 with corresponding changes for other values of n.
Separate analyses of the 11th and 17th − 11th subsets
For E = 11th we make the same assumption about the a priori relative probability to obtain P(H|11th) P(¬H|11th) = 0.01 11th P MC (≥ n) from which we obtain ≈ 0.5 for n = 10 with corresponding changes for other values of n.
For E = 17th-11th we must take into account that the 11th Catalogue data defined a specific cone of directions in space. In this case we adjust our likelihood ratio estimate of the Monte Carlo results of Table   1 by the probability that the cones of the orbit normals containing maximum counts would overlap which is ≈ 0.02 to obtain an a posteriori probability ratio P(H|17th − 11th) P(¬H|17th − 11th) = 0.01 0.02 [ 17th−11th P MC (≥ n)] from which we obtain results of ≈ 2 for n = 10 with corresponding changes for other values of n.
An alternative approach is to allow our 11th Catalogue inference to adjust the a priori relative probability for E = 17th − 11th (if the cones overlap) to equal the a posteriori result for E = 11th P(H|17th − 11th) P(¬H|17th − 11th) = 0.5 17th−11th P MC (≥ n) which also yields ≈ 2 for n = 10.
All of these inferences can be scaled if a value of the a priori relative probability is chosen different from 0.01 based on other evidence than considered here (IRAS/2mass observational limits and stellar/brown dwarf mass and semimajor axis distributions). Specifically this value might be increased if one believed that the Jovian companion hypothesis, H, provides a plausible explanation for producing Sedna, and it would be substantially reduced if one believed that the hypothesis is incompatible with the absence of an enhanced IOC daughter population along the perceived arc.
We can estimate the size of the impulsive enhancement in the present data for 102 class 1A comets as follows. Although only 13 of 35 comets lie outside of the ±9.6
• band for our best fit, statistically significant 
Summary and conclusions
We have described how the dynamics of a dominant galactic tidal interaction, weakly aided by an impulsive perturbation, predicts specific properties for observed distributions of the galactic orbital elements of outer Oort cloud comets. These subtle predictions have been found to be manifest in high-quality observational data at statistically significant levels, suggesting that the observed OOC comet population contains an ≈ 20% impulsively produced excess. The extent of the enhanced arc is inconsistent with a weak stellar impulse, but is consistent with a Jovian mass solar companion orbiting in the OOC. A putative companion with these properties may also be capable of producing detached Kuiper Belt objects such as Sedna and has been given the name Tyche. Tyche could have significantly depleted the inner Oort cloud over the solar system lifetime requiring a corresponding increase in the inferred primordial Oort cloud population. A substantive difficulty with the Tyche conjecture is the absence of a corresponding excess in the presumed IOC daughter population. 
